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Gefitinib (GEF) is an FDA-approved anti-cancer drug for the first-line treatment of
patients with metastatic non-small cell lung cancer (NSCLC). However, the
efficacy of anticancer drugs is limited due to their non-specificity, lower
accumulation at target sites, and systemic toxicity. Herein, we successfully
synthesized a modified GEF (mGEF) drug and conjugated to Iron oxide
nanoparticles (Fe3O4 NPs) for the treatment of NSCLC via magnetic resonance
(MR) image-guided drug delivery. A traditional EDC coupling pathway uses mGEF
to directly conjugate to Fe3O4 NPs to overcom the drug leakage issues. As a result,
we found in vitro drug delivery on mGEF- Fe3O4 NPs exhibits excellent anticancer
effects towards the PC9 cells selectively, with an estimated IC 50 value of 2.0 μM.
Additionally, in vivo MRI and PET results demonstrate that the NPs could
accumulate in tumor-specific regions with localized cell growth inhibition.
Results also revealed that outer tumor region exhibiting a stronger contrast
than the tinner tumor region which may due necrosis in inner tumor region. In
vivo biodistribution further confirms Fe3O4 NPs are more biocompatible and are
excreated after the treatment. Overall, we believe that this current strategy of drug
modification combined with chemical conjugation on magnetic NPs will lead to
improved cancer chemotherapy as well as understanding the tumor
microenvironments for better therapeutic outcomes.
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1 Introduction

Lung carcinoma is one of themajor causes of cancer death in both
men and women worldwide (Pakzad et al., 2015; Sung et al., 2021).
Specifically, NSCLC grows rapidly andmetastasizes easily through the
lymph nodes to the whole body, especially to the brain, liver, and bone
(D’Antonio et al., 2014; Ren et al., 2016; Ko et al., 2021). Therefore,
surgery is not a suitable treatment option for NSCLC except for early
solid tumors. Subsequently, combined therapeutic approaches such as
surgical removal of the tumor followed by cytotoxic chemotherapy
and radiation therapy were employed (Miller et al., 2022). However,
chemo and radiation therapy affect normal tissue along with
tumorous tissues. To further improve the efficacy of
chemotherapeutic treatment and reduce toxicity, targeting therapy
selectively targets the tumor site and mediates the therapeutic effects
(Baudino, 2015; Zhong et al., 2021). Thus, selective targeting of chemo
drugs to the tumor site is an emerging choice in clinical applications.
Most of the targeted therapy mechanism involves targeting the
epidermal growth factor receptor (EGFR) family inhibitors,
angiogenesis inhibitors, signal transduction inhibitors, apoptosis
inducers, eicosanoid pathway inhibitors, etc (Chan and Hughes,
2015; Mustachio and Roszik, 2020). EGFR-targeted therapy is
emerging as a hot topic in clinical cancer treatment, especially for
treating NSCLC (Antonicelli et al., 2013; Yuan et al., 2019; Li et al.,
2023). Patient meta-analysis found EGFR-targeting TKI to be effective
in nearly 70% of patients with EGFR mutations, but effective in only
10% of patients with wild-type EGFR (Mitsudomi et al., 2006). The
FDA approved the GEF drug (Iressa, Astra Zeneca Pharmaceuticals)
which enhances the apoptosis of tumor cells and then inhibits tumor
growth (Dyer, 2003). Specifically, GEF is a tyrosine kinase inhibitor
that targets the EGFR and induces dramatic clinical responses in
NSCLCs with activating mutations within the EGFR kinase domain
(Sordella et al., 2004; Kazandjian et al., 2016). However, frequent
adverse effects related to GEF drug include diarrhea, acne-like rash,
gastrointestinal effects, dry-skin, nausea and vomiting, etc.
(Cersosimo, 2006). Besides, GEF applications are further limited by
its low water solubility, stability, and utilization rate (Godugu et al.,
2016; Liu et al., 2018). Therefore, it is highly desirable to develop
efficient drug carriers for the successful delivery of GEF to lung cancer
cells specifically. Inorganic and polymeric nanocarrier-mediated drug
delivery systems have received greater attention to address these
aforementioned issues (Shi et al., 2020; Edis et al., 2021; Gagliardi
et al., 2021). Active drug compounds encapsulated in nanocarriers
offer excellent bioavailability, prevent degradation, reduce toxic
effects, control drug release, and target drug delivery. Most drug
loading strategies were either physical loading/incorporation or
electrostatic interactions (Shanmugam et al., 2014; Su and Cheng,
2015; Su et al., 2016; Tsai et al., 2020). For instance, Lee et al.
developed a GEF–cyclodextrin complex and Trummer et al.
developed a nano liposomal GEF formulation to further improve
the solubility rate of GEF drugs (Phillip Lee et al., 2009; Trummer
et al., 2012). Subsequently, for the selective targeting of the tumor site,
Shi et al. fabricated GEF-loaded folate-decorated bovine serum
albumin-conjugated carboxymethyl-b-cyclodextrin NPs (FA-BSA-
CM-β-CD NPs) which offer significantly enhanced drug delivery
and attenuated autophagy in folate receptor-positive cancer cells (Shi
et al., 2014). A nanographene oxide (NGO) based drug delivery of
GEF approach was later developed for the treatment of lung cancer,

promoting the accumulation of nanosheets in tumor sites and
facilitating drug release from the nanosheets in response to tumor-
relevant GSH (Liu et al., 2018). Later on, several nanocarrier studies
sought to deliver a GEF drug to tumor sites, including Gefitinib-
bound Carbon dots (DFO-Gef-C′ dots) (Madajewski et al., 2020),
Gefitinib encapsulated apoferritin (Kuruppu et al., 2015), Gefitinib-
coated AuNPs (Lam et al., 2014), and GEF loaded into p28-
functionalized PLGA NPs (Garizo et al., 2021). Recently, to further
improve the blood circulation time and targeting ability, Wen et al.,
fabricated a biomimetic R-RBC@GEF-NPs nano-system by
encapsulating GEF-loaded albumin NPs into cRGD-modified red
blood cell (RBC) membranes for treating lung cancer (Wen et al.,
2021). However, insufficient drug loading and uncontrolled release of
drugs from nanocarriers hinder successful translation into clinical
applications (Liu et al., 2020). Most drug delivery-based nanocarriers
(liposomes, porous materials, etc.) cannot be used because the drugs
leak during blood circulation before reaching their target sites,
resulting in lower accumulation of drugs at tumor sites and lower
therapeutic efficacy (Chen et al., 2020; Feng et al., 2023). Besides,
monitoring the therapeutic prognosis or therapeutic delivery of drugs
is highly desirable to further promote therapeutic efficacy (Solorio
et al., 2010; Haris et al., 2015; Ojha et al., 2015; Gao et al., 2018;
Thangudu et al., 2021). This raises the need for efficient image-guided
nanocarrier systems for the simultaneous monitoring of the
therapeutic site and sustained delivery of chemo drugs for treating
NSCLC. To this end, the present study describes the successful
synthesis of a modified GEF drug which is chemically conjugated
with the Fe3O4 NPs (mGEF@ Fe3O4 NPs) for simultaneous MR
image-guided targeted chemotherapy for lung cancer treatment.
Direct chemical conjugation of mGEF on biocompatible IONPs,
significantly reducing drug leakage problems and enhancing the
uptake of chemo drugs by tumor cells. In vitro results indicate
successful delivery of mGEF on IONPs into the tumor cells via

SCHEME 1
Schematic illustration of chemically conjugated modified
gefitinib drug to Fe3O4 NPs for image-guided chemo delivery for
NSCLC treatment.
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endocytosis pathway resulting in improved cancer cell death. In vivo,
MR imaging studies reveal that drug uptake to the outer region of the
tumor is greater than that to the inner region due to tumor necrosis in
the inner region. Furthermore, results of in vivo biodistribution assays
reveal the present IONPs possess excellent biocompatibility with no
noticeable side effects on major organs. To the best of our knowledge,
the delivery of chemically conjugated drugs on nanocarriers against
NSCLCs has been seldom reported. A detailed illustration of the
present work is shown in Scheme 1.

2 Results and discussion

2.1 Preparation and characterization of
GEF-modified Fe3O4NPs (mGEF@Fe3O4NPs)

NH2-terminated Fe3O4 NPs were synthesized using a previously
reported protocol (Su et al., 2016). The as-synthesized NPs exhibit a
clear morphology and uniform size distribution, confirmed by high-
resolution transmission electron microscopy (HR-TEM) analysis, as

FIGURE 1
Synthesis and characterization of Fe3O4 NPs. (A) HR-TEM image of Fe3O4 NPs. (B) XRD spectra of Fe3O4 NPs. (C) Schematic representation of
surface conjugated Fe3O4 NPs with mGEF. (D) Concentration dependent T2 weighed MRI phantom images of Fe3O4 NPs. (E) 1/T2 kinetic plot of bare
Fe3O4 NPs and mGEF@ Fe3O4 NPs.
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shown in Figure 1A. The average size of the NPs is estimated to be
around 6 nm. The crystallinity and phase formation of NPs was
confirmed by XRD analysis, explicitly demonstrating the successful
formation of Fe3O4 NPs. Figure 1B shows peaks at 30.1°, 35.5°, 43.1°,
53.5°, 57.4°, and 62.5°, which are respectively indexed to reflections
from the (220), (311), (400), (422), (511), and (440) faces of the
inverse spinel iron oxide (JCPDS No. 19-0629). The NH2 functional
group on the NP surface result in their hydrophilic nature and
facilitates an even dispersion in an aqueous medium. The -NH2

functional group on the NPs also facilitates further conjugation of
targeting ligands on the NP’s surface. On the other hand, non-
specific and insufficient delivery of GEF to the therapeutic site is a
critical issue in the treatment of lung cancer. To address this issue,
we first synthesized the GEF drug via a three-step process, and the
obtained products were confirmed by 1H NMR analysis (the
synthesis process is shown in supporting information, steps 1-3).
Before the conjugation of GEF on IONPs, we modified the GEF
structure with the terminal carboxyl group by introducing/
substituting the 6-propylmorpholino group on one side of the
carbon chain of GEF (see step 4 in supporting information)
which is the weakest binding with kinase. The other side of GEF
remains the same with the presence of active binding site 1-N group
on the quinazoline ring. Successful modification of GEF was
confirmed by 1H-NMR analysis (Supplementary Figure S1).
Finally, -NH2 functionalized Fe3O4 NPs were successfully
conjugated with the terminal group of–COOH on modified the
GEF (mGEF) drug via 1-Ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC) coupling. The schematic representation of
the conjugation procedure is shown in Figure 1C. Successful
formation of mGEF conjugated Fe3O4 NPs (mGEF@Fe3O4 NPs)
was confirmed by UV-visible absorption spectra analysis.
Absorption spectra of mGEF are specifically located at 340 nm
wavelength whereas in bare NPs there is no significant
absorption at 340 nm. In contrast, after modifying the Fe3O4 NPs
with mGEF (mGEF@ Fe3O4 NPs), we observed significant
absorption at 340 nm wavelength which strongly confirms the
successful conjugation of mGEF on NPs (Supplementary Figure
S2). Subsequently, different concentrations (low to high) of mGEF
were added to Fe3O4 NPs and we monitored the changes in
absorbance. Results reveal the significant enhancement of
absorption intensity at 340 nm wavelength by increasing the
mGEF concentration on NPs (Supplementary Figure S3). In
addition, Iron-based NPs are proven T2-weighed MRI contrast
agents and display excellent MR contrast abilities both in vitro
and in vivo (Shen et al., 2017; Thangudu et al., 2022b; Thangudu
et al., 2023). To verify the contrast enhancement efficiency of present
synthesized-Fe3O4 NPs, T2-weighted MRI analysis was performed
with a 7.0 T MRI scanner. The samples were serial diluted with
various concentrations of Fe3O4 NPs and suspended in deionized
water. Both the gradient-echo-based and spin-echo-based T2-
weighted imaging showed significant enhancement in a
concentration-dependent manner. As the concentration of NPs
increased, the samples grew increasingly dark, corresponding to
the enhanced T2 contrast compared to the deionized water alone.
We also verified theMR activities of mGEF@Fe3O4 NPs, and noticed
that the MR contrast abilities of mGEF-Fe3O4 NPs slightly less than
bare Fe3O4 NPs alone, which may be attributed due to the
conjugation of mGEF on the NPs surface possibly covering the

NPs surface and altering the magnetic field-water interaction,
resulting in a slight decrease in the paramagnetic effect (Liang
et al., 2016).

2.2 In vitro targeting and chemotherapeutic
efficiency of mGEF@Fe3O4 NPs

Following the effective synthesis of mGEF@Fe3O4 NPs, in vitro
studies were carried out to assess the therapeutic efficacy of mGEF@
Fe3O4 NPs for treating non-small cell lung cancer. The cytotoxicity
of NPs was investigated prior to the in vitro therapeutic evaluation.
Results of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cytotoxicity experiments show that cancer cells’
in vitro viability is unaffected by exposure to Fe3O4 NPs at
concentrations ranging from 0.257 μM to 2570 μM (Figure 2A).
Cytotoxicity results indicate that the as-synthesized Fe3O4 NPs are
biocompatible. Previous work also notes that Fe3O4 NPs are
biocompatible and have been investigated in several biomedical
applications (Martins et al., 2021; Montiel Schneider et al., 2022).
Notably, GEF is a tyrosine kinase inhibitor that has been given
clinical approval to treat NSCLC (Kitazaki et al., 2005; Kazandjian
et al., 2016). As a proof of concept, we conducted in vitro cell survival
tests utilizing mGEF@Fe3O4 NPs to further demonstrate the
targeting capability of GEF. To determine the targeting
capabilities of mGEF, we used two distinct cell lines. PC9 is one
of the NSCLC cell lines most vulnerable to GEF, while EGFR wild-
type cell lines like A549, CL1-10, and CL1-5 are resistant to GEF. As
a result, modified GEF successfully inhibited the PC9 cell survival
and IC 50 was estimated to be around 5 μM, indicating the good
targeting ability of mGEF (Figure 2B). In other cell lines, cell viability
remains unchanged under the same circumstances due to GEF
resistantance. Due to the fact that the modified drug was
dissolved in DMSO for cell viability tests, we also examined the
same concentration of DMSO by itself to determine whether or not
it had any negative effects on the cells. The results showed that the
concentration of DMSO used had no harmful effects on cells and
caused no changes to cell viability (Supplementary Figure S4). The
drug efficiency of mGEF@Fe3O4 NPs was then verified in PC9 cells
via MTT assay. As shown in Figure 2C, cell viability of PC9 cells
drastically decreased after treatment with mGEF@Fe3O4 NPs and
the estimated IC 50 value is 2.0 μM. Further we have evaluted the
IC50 value of mGEF@Fe3O4 NPs and mGEF drug (Supplementary
Figure S5). Precisely, the inhibition efficiency of PC9 cells on
mGEF@Fe3O4 NPs and modified GEF drug alone as follows
2 μM and 500 nM respectively, indicating that drug on NPs
shown good therapeutic response similar like mGEF alone due to
the rapid release of drug on NPs. We then evaluated the therapeutic
effectiveness of Fe3O4@mGEF on PC9 and A549 cancer cells. As
anticipated, increased mortality of PC9 cells was seen on mGEF@
Fe3O4 NPs under the same experimental circumstances. As a result
of A549s resistance to the mGEF@Fe3O4 NPs even at higher
concentrations (100 μM), there was no significant cell inhibition
(Figure 2D). GEF primarily blocks the tyrosine kinase domain and
suppresses signal transmission. These tyrosine kinases will, however,
be found inside of cells. Therefore for effective cell inhibition, the
nano platformmust infiltrate the intracellular setting and deliver the
drugs. Consequently, we used Perls’ blue staining assay to determine
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whether or not the mGEF@Fe3O4 NPs were successfully
endocytosed by the cells. As shown in Figure 2E; Supplementary
Figure S6, we observed the presence of Fe3O4 NPs inside the
PC9 cells after treatment with mGEF@Fe3O4 NPs. mGEF@Fe3O4

NPs began to transport into the intracellular domain after 4-h
incubation and started to accumulate more NPs inside the cells
over the prolonged incubation time. The results demonstrate that
the current mGEF@Fe3O4 NPs were successfully endocytosed into
the cell and were primarily distributed around the cell membrane,
making it possible to block the tyrosine kinase. Mechanistic
experiments were then carried out to further understand how
exposure to mGEF@Fe3O4 NPs caused PC9 cells to perish. It is
widely known that the primary cause of GEF cell death in EGFR
L858R mutant non-small lung cancer is apoptosis (Tracy et al.,
2004). In early apoptotic cells, membrane phospholipid

phosphatidylserine (PS) is translocated from the inner to the
outer leaflet of the plasma membrane, thereby exposing PS to the
external cellular environment (Mariño and Kroemer, 2013).
Annexin V is a Ca2+-dependent phospholipid-binding protein
that has a high affinity to bind with exposed PS (Vermes et al.,
1995). In late apoptosis, the cell membrane was damaged and
became permeable, allowing the nucleic acid dye (Propidium
iodide, PI) to be intercalated in nucleic acid. Thus, to distinguish
the mechanism of cell death induced by mGEF@Fe3O4 NPs, we
performed Annexin V-FITC and PI fluorescence staining analysis
on gefitinib-sensitive PC9 cells as well as gefitinib resistant
A549 cells. As shown in Supplementary Figure S7, the cell
density of PC9 showed no significant difference from the control
group up to treatment with concentrations of 300 nM of mGEF@
Fe3O4 NPs. In contrast, increasing the concentration of mGEF@

FIGURE 2
In vitro drug efficiency studies on mGEF@Fe3O4 NPs. (A) In vitro cytotoxicity assay of bare Fe3O4 NPs at different concentrations in PC9 cells. (B) In
vitro drug efficiency and targeting ability of mGEF on various cell lines. (C) In vitro drug efficiency of mGEF and mGEF@Fe3O4 NPs. (D) Drug efficiency
study of mGEF@Fe3O4 NPs to PC9 (L858Rmutant EGFR) and A549 (wild-type EGFR) cells. (E) Perls’ blue staining assay to confirm the endocytosis of NPs.
Three repetitions of the experiment are used to calculate the standard deviation taht represent the error bars on the each graphs.

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Thangudu et al. 10.3389/fbioe.2023.1272492

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1272492


Fe3O4 NPs to 100 μM resulted in increased PC9 cell death. On the
contrary, we observed no significant response to mGEF@Fe3O4 NPs
for A549 cells, even with dosages of up to 100 μM (Supplementary
Figure S8). Although the morphology of the PC9 cell looks
undamaged after treatment with 300 nM concentration of NPs, it
processed in early apoptosis, as shown in the Annexin V-FITC
image. For both Annexin V-FITC or PI staining, A549 cells were still
active with reduced fluorescence which respectively represented
apoptosis and necrosis. Results of fluorescence microscopy
studies verified the mGEF@Fe3O4 NPs lead cell apoptosis and
that it is specific to PC9 cells.

2.3 In vitro and in vivo imaging of mGEF@
Fe3O4 NPs

Thereafter, mGEF@Fe3O4 NPs’ MR imaging capabilities were
assessed both in vitro and in vivo. First, to assess the MR contrast
effect of mGEF@Fe3O4 NPs within the cells, various concentrations
of mGEF@Fe3O4 NPs were incubated with PC9 cells for a given time
for the MR imaging experiments. As shown in Figure 3A, no
significant changes were noticed in the case of cells incubated
with mGEF and cells alone. In contrast, cells treated with
mGEF@Fe3O4 NPs darken significantly than other control groups
due to the T2 effect. Moreover, increasing concentrations of mGEF@
Fe3O4 NPs dramatically changes the signal intensity of the T2-

weight phantom images and increases the darkness. The difference
in signal intensity reached 35% (at low conc.) and 87% (at high
conc.) respective to the control group, as shown in Figure 3B. In vitro
contrast ability studies demonstrated the successful internalization
of mGEF@Fe3O4 NPs into cancer cells, indicating feasibility for T2-
enhanced MR imaging applications. Furthermore, in vivo MR
imaging was performed by establishing the xenograft PC9 tumor-
bearing animal model by subcutaneously injecting 4 ×106 PC9 cells
(in 0.1 mL PBS) at the mouse’s left back (Supplementary Figure S9).
Two weeks after tumor implantation, mGEF@Fe3O4 NPs (30 mg OF
[Fe]/kg) were injected intravenously via the tail vein. Thereafter, in
vivo MR imaging was performed at different time points (pre- and
post 9 h-injection of mGEF@Fe3O4 NPs). Figure 3C shows the MR
images of mice (n = 3) pre- and post-injection of mGEF@Fe3O4 NPs.
9 h post-injection, the signal intensity in the tumor was significantly
lower than in the control group, which indicates that the
accumulation of NPs at the tumor site corresponding to the
successful delivery of chemo drug to the tumor increased locally.
As a result, contrast intensity gradually decreased correspondingly
to the T2 effect by increasing the post-injection time of mGEF@
Fe3O4 NPs. The signal intensity at the tumor region was decreased to
15% after 4–9 h of post admisnstartion of NPs, and after 24 h it
gradually dropped to 23% (Supplementary Figure S10). Even though
in vivo imaging showed a significant accumulation of Fe3O4@
gefitinib NPs at the tumor, the degree of enhancement is not as
significant as expected, probably due to the significant differences of

FIGURE 3
In vitro and in vivomolecular imaging of PC9 NSCLC on mGEF@Fe3O4 NPs. (A) In vitroMRI phantom images of PC9 cells treating with mGEF alone
and mGEF@Fe3O4 NPs (low and high concentrations of on mGEF@Fe3O4 NPs are respectively 0.196 μM and 0.39 μM in terms of Fe concentration). (B)
Corresponding kinetic plot of contrast enhancement at different conditions. (C) In vivo T2 weighted negative contrast enhancement of tumor post-9 h
injection of mGEF@Fe3O4 NPs (injection, dose of 30 mg of [Fe]/kg). All in vivo group experiments used three mice (n = 3); error bars show standard
deviations of three repetitions of each experiment.
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contrast between the inner and outer regions of the tumor 9 h post-
injection of mGEF@Fe3O4 NPs. The negative enhancement of the
inner region was not as obvious as the outer region, and the inner
was brighter than the outer tumor in T2-weighted MR images. Thus
we segmented the tumor into outer and inner regions and measured
the contrast change at the different time points (Figures 4A, B). After
9 h of mGEF@Fe3O4 NPs injection, the signal intensity of the outer
tumor region decreased by 12%whereas the inner tumor region only
decreased by 4%. The inner region was proton-rich so the signal
intensity was higher than around the tissue in the T2-weighted
imaging. According to our hypothesis, the inner region had
undergone necrosis. Cells swelled and even disintegrated after the
intracellular contents were released, so the images showed
hyperintensity in T2-weighted imaging. Consequently, it was
difficult to deliver the mGEF@Fe3O4 NPs into the inner region
where vasculature was lacking. As proof of concept, we analyzed and
compared the histology of the outer and inner tumor regions. As
shown in Supplementary Figures S11, S12, cells of the inner tumor
(left) were shrunken with minimal amounts of iron, whereas the
cells located in the outer region (right) retained their shape with
intensive iron deposits. H&E staining analysis of the tumor region
(Supplementary Figure S13) revealed distinct differences between
the morphologies of the inner and outer regions, where the cells of

the outer region were crowded and intact, while those of the inner
region were arranged loosely and shrunken, indicating that the inner
region cells underwent greater necrosis.

To further investigate he differences between outer and inner
tumor regions, we also performed PET/CT scan imaging to obtain
functional information such as staging, glucose metabolism and cell
cycle physiology. We separately used the [18F] fluorodeoxyglucose
(FDG) and [18F] fluoro-L-thymidine (FLT) as a tracer for PET
scanning (Rasey et al., 2002; Ullrich et al., 2008). The tracer fluorine-
18 [18F]) fluorodeoxyglucose (FDG) is a glucose analog that is taken
up by glucose-using cells and phosphorylated by hexokinase, the
mitochondrial form of which is greatly elevated in rapidly growing
malignant tumors (Czernin et al., 2013; Kawada et al., 2016). The
[18F]-fluoro-L-thymidine ([18F]FLT) is a specific marker to measure
cellular proliferation in vivo. As an analog substrate of thymidine,
[18F] FLT is phosphorylated by thymidine kinase 1 which is a
cytosolic enzyme synthesized when proliferating cells enter the
S-phase for DNA synthesis. First, we measured the maximum
standard uptake value (SUV) of the tumor and the normal tissue
using dynamic PET imaging (Supplementary Figure S14). The time-
activity curve (TAC) shows the SUV of normal tissue decreases over
time, while the tumor uptake remained consistent 0–120 min post-
injection, and the contrast between the tumor and normal tissue is

FIGURE 4
Monitoring the inner vs. outer tumor contrast. (A)MRI images of in vivo tumor indicating inner and outer tumor region. (B) Kinetic plot of T2 contrast
intensities in muscle, inner and outer tumor region after post injection of mGEF@Fe3O4 NPs. (C, D) Respectively PET/CT imaging of FDG uptake and FLT
uptake on PC9 xenograftmodel. Left to Right: sagittal, coronal and axial views, with arrow to indicate tumor. All in vivo group experiments used threemice
(n = 3); error bars show standard deviations of three repetitions of each experiment.
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gradually enhanced. The obvious difference is found at 120 min after
injection, indicating the suitable image acquisition time for
distinguishing tumor from normal tissue is 60–120 min after
tracer injection. Figures 4C, D show the[18F] FDG and [18F] FLT
PET/CT scan results on PC9 NSCLC mice model. In [18F] FDG or
[18F] FLT images, the tumor site presented a circular donut-shaped
hot spot (tumor region indicated with an arrow). The γ-ray emission
means in vivo biodistribution of the tracer, and the radioactivity of
the inner region was so low even near the background, indicating
that the tracer could not be transported into the inner side or the
dead cell is disabled to take up the tracer. In conclusion, the inner
tumor was necrosed and deficient in activity. Because of the tumor
necrosis at the inner region, there was no blood vessel to deliver
material including radioactive tracers or Fe3O4@gefitinib,
sufficiently explaining that MR imaging could be enhanced only
at the outer region of the tumor.

2.4 In vivo biodistribution of Fe3O4 NPs

Biocompatibility plays a vital role before prior to the
implementation of biomedical health applications (Thangudu
et al., 2022a). In the former section, we demonstrate in vitro that
the self-synthesized Fe3O4 NPs are nontoxic and efficiently
enhanced MRI tissue contrast. Although the biocompatibility of
iron oxide nanoparticles is well-known, we are still concerned with
potential excretion. Following intravenous administration of Fe3O4

NPs, we used the 7TMRI to observe the contrast in mice liver (n = 3)
at different time points up to a week (Supplementary Figure S15).
The Fe3O4 NPs gradually accumulated in the liver, hence the average
signal intensity decreased over time, the liver contrast in MRI was
retrieved to pre-administration, and we can speculate that NPs
accumulated in the liver were further excreted over the course of
the week. Furthermore, we evaluated the biodistribution of Fe,
performing histological Perl’s blue staining assay after Fe3O4 NPs
administration via iv injection. At different post-injection time
points (1.5 h, 3, 6, and 9 days) the animals were sacrificed and
livers were collected, embedded in paraffin, and sectioned for Perls’
blue staining (Supplementary Figure S16). This assay will be helpful
to detect iron selectively, with iron appearing blue and the cytoplasm
pink. Fe deposition in the liver region was substantially increased
post-1h NPs injection. After prolonged post-injection time (from
3–6 days), Fe in the liver region gradually decreased and, on the 9-
day post-injection, no noticeable Fe content was observed in the liver
region. These results revealed the Fe3O4 NPs are biocompatible and
excreted after treatment without creating adverse effects on the
major organs.

3 Conclusion

In conclusion, we have successfully integrated mGEF@Fe3O4

NPs by chemically conjugating the synthesized mGEF chemo drug
to Fe3O4 NPs. The present direct chemical conjugation of the drug
with NPs significantly boosted the loading efficiency resulting in
more efficient drug internalization by PC9 lung cancer cells followed
by improved chemotherapeutic efficacy, estimated IC 50 value on
mGEF@Fe3O4 NP is 2.0 μM. Furthermore, MRI and PET/CT

imaging analysis was performed and reveals that more NPs were
accumulated in the outer region of the tumor than in the inner
region due to the necrosis at the inner tumor region. In vivo
biodistribution analysis showed that NPs were successfully
excreted after treatment and had no adverse effects on the body’s
primary organs. Overall, combining chemically conjugated drug
delivery on NPs with an image-guided technique can solve the
problems associated with drug leakage as well as understanding the
therapeutic prognosis of tumor to further accelerate the
chemotherapy efficacy in upcoming cancer treatment applications.

4 Experimental section

4.1 Synthesis of -NH2—Fe3O4 NPs

The preparation of NH2—Fe3O4 NPs was carried out as
previously described (Su et al., 2016). 1 M ferric chloride
hexahydrate (FeCl3·6H2O) and 2.0 M ferrous chloride
tetrahydrate (FeCl2·4H2O) were prepared by separatly dissolving
in 2 M HCL solution. After that, 4 mL of FeCl3·6H2O was mixed
with 1 mL of FeCl2·4H2O solution and then 1 mL of a organic acid
solution was added under constant stirring. Subsequently, the pH of
the solution was carefully adjusted to 13 by adding 5 M NaOH
followed by the proper amount of adherent to achieve
-NH2—Fe3O4 NPs.

4.2 Modified GEF conjugated Fe3O4 NPs
(mGEF@Fe3O4 NPs)

In a typical preparation, the modified drug (40 μM) was
dissolved in 1 mL DMSO solution, followed by the addition of
Fe3O4 nanoparticles (40 nM) and EDC with overnight stirring at
room temperature (Su et al., 2016). The resulting products were
subjected to five centrifugation/re-suspension with a DMSO
solution followed by water to remove the excess or unbonded
drug molecules and EDC. Finally, Fe3O4-drug NPs were
resuspended in 0.2 mL DMSO solution and stored. For further
biological tasks in vitro and in vivo, the surface of Fe3O4@
gefitinib was modified with PEG (MW: 4000) to improve the
solubility of gefitinib in water.

4.3 In vitro toxicity evaluation

The toxicity of iron oxide nanoparticles was assessed by MTT
assay using the same protocol as that used for drug efficiency
evaluation. PC9 cells were cultured in a 96-well at an initial
density of 4 ×103 cells/well. After 24 h, different concentrations
of the Fe3O4 nanoparticles were added to the cells with final
concentrations ranging from 0.257 to 2570 μM. After 24 h
incubation, the culture medium was removed and 3-[4,5-
dimethylthiazol-2-yl] −2,5-diphenyl tetrazolium bromide (MTT)
reagent (0.5 mg/mL, Sigma) was added, followed by another 1.5-
h incubation to allow the formation of formazan dye. Next, the
culture medium was removed, and the DMSO (100 μL/well) was
added across the plate. Cell viability was quantified using an ELISA
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plate reader to acquire 570 nm optical absorbance. PC9 (human
non-small-cell lung adenocarcinoma) cell lines present in this study
were obtained from American Type culture Collection (ATCC).

4.4 Cell viability studies

We used both the GEF drug-sensitive (PC9) and the resistant
(A549, CL1-0, CL1-0 transfect VEGF isoform 189 and CL1-5, all wild
type) cell lines to assess drug efficiency. The cell lines present in this
study were obtained from American Type culture Collection (ATCC).

Briefly, different cancer cells were cultured in a 96-well at an initial
density of 4 ×103 cells/well. To measure drug targeting performance,
different concentrations of mGEF in 100 μL of DMSO
(0.1 nM–100 μM) were added to the culture wells. After 24 h
incubation, the culture medium was removed and MTT reagent
(0.5 mg/mL, Sigma) was added, followed by another 1.5-h
incubation to allow the formation of formazan dye. Next, the
culture medium was removed and the DMSO (100 μL/well) was
added across the plate. The quantification determining cell viability
was using an ELISA plate reader to acquire 570 nm optical absorbance.

To measure the mGEF@Fe3O4 NPs drug activity, PC9 and
A549 cancer cells were seeded in a 96-well plate (4 ×103 cells/
well). After 24 h, different concentrations of the mGEF@Fe3O4 NPs
were added to the cells with final concentrations ranging from 0.0 to
100 μM, and activity levels were measured using an ELISA plate
reader to acquire 570 nm optical absorbance.

4.5 In vitro Perl’s blue staining

The cells were seeded on the 4-well chamber slides (Millipore,
Millicell EZ slide) in a density of 1.55 × 105/0.1 mL/well. After
the cells were attached at the bottom of the dish (about 24 h), we
added the prepared nanoparticles-drug into one well of the
chamber slide. After at diffrent time of incubations, perls’ blue
stain was used to observe the nanoparticles endocytosed into the
intracellular domain. Before staining, PBS washed the cell twice
to wash out the nanoparticle-drug at the extra-cellular domain.
The cells were fixed by 4% formalin for 20 min and PBS washed
3–5 times. The protocols of Perls’ blue stain are as follows (Su
et al., 2016).

The sections were incubated in a solution of 4% potassium
ferrocyanide solution and 4%HCl (1:1 mixed) for 10 min. After PBS
washing, the cytoplasm was stained in pararosaniline solution (1 mL
1% hydrochloric acid solution diluted in 50 mL ddH2O) for 5 min,
then rinsed in PBS to wash out the remaining solution. Next, we
removed the cover chamber to access the microscope slide, and
sections were dehydrated in 50%, 70%, 90%, and 100% EtOH and
rinsed in xylene twice.

4.6 Annex V and PI staining

After 96 h of drug treatment, cells were washed twice with 4°C
PBS. We then prepared the mixing solution (including Annexin V
binding buffer (100 μL/well) and fluorochrome-conjugated Annexin
V (5 μL/well), and PI solution (10 μL/well)) and added into each

well. After 15 min, the fluorescence microscopy results depicted the
Annexin V-FITC in green and the PI in red.

4.7 In vitro MR imaging

The PC9 cells were cultured in 10 cm-diameter dishes with an
initial density of 5×106 cells/well. After 1 day, the Fe3O4@gefitinib
nanoparticles with 150 μM and 300 μM drug concentrations were
added to the cells. We also treated the modified drug and medium
(as control) in the other two dishes, so there is a total of four groups
all treated for 24 h. The cells were washed twice with phosphate-
buffered saline (PBS) and acquired the cells by 0.25% trypsinization.
The cells were placed in a micro-tube and replenished with PBS. Just
before MRI scanning, we centrifuged the cells down to the bottom of
the tube and put four tubes in a holder immersed in mineral oil as
previously described. In image acquisition, we selected the tubes that
were full of cells at the bottom. The images were performed with a
T2-weighted, T1-weighted sequence.

4.8 In vivo animal model

The procedures for all animals were carried out in accordance
with the guidelines of the National Research Council (United States)
and the Animal Welfare Regulations of the Council of Agriculture,
Executive Yuan (R.O.C.). All experimental protocols involving live
animals were reviewed and approved by the Chang Gung Memorial
Hospital Institutional Animal Care and Use Committee (approval
number: IACUC No. 2021031802). The tumor animal model was
generated by subcutaneously injecting 4 ×106 PC9 cells (in 0.1 mL
PBS) at the mice left back. Two weeks later, the mice were subjected
to MR imaging studies.

4.9 In vivo MR imaging

We used a 7.0 T MRI scanner to observe the in vivo image
enhancement and performed experiments by following the
previously reported protocol (Su et al., 2016). The Balb/C mice
(male, 25–30 g) were anesthetized with 5% isoflurane, and a 30G
needle connected to a syringe with a 50 cm polyethylene tube (PE8)
was inserted in the tail vein. After acquiring the pre-imaging, we
injected the prepared iron oxide nanoparticles dispersed in normal
saline with 10 mg [Fe]/kg dosage and additionally injected 0.5 mL saline
to wash the nanoparticles left in the polyethylene tube into the vein. The
images were taken immediately, and 0.5 h followed up to 1.5 h. The
signal intensity of the tissue was determined using standard region-of-
interest measurements with homemade image quantification software.
The image-acquiring pulse sequence is TurboRARE T2 pulse sequence
(TR: 4000 ms, TE: 33 ms, FA: 180 deg, Matrix size: 256 × 256 × 17,
FOV: 4 × 4 cm, NEX: 3, Thickness: 1 mm).

4.10 PET/CT imaging

The mice were briefly anesthetized using isoflurane gas, after
which 350–390 μCi of [18F] FLT or [18F] FDG tracer was injected
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through the tail vein. After a 60-min conscious uptake period, we
performed CT scanning and a 60-min PET acquisition, with images
covering the area from the diaphragm to the coccyx (2D mode, one-
bed positions). Emission data were corrected for random
coincidences and scatter coincidences dead time, then
reconstructed by OSEM. The matrix size was 175 × 175 pixels
with a pixel size of 0.3875 × 0.3875 mm.

4.11 Perl’s blue staining

The paraformaldehyde-fixed paraffin-embedded organs were
sectioned and mounted on glass slides, followed by drying in an
oven for 1 h at 65 C. Subsequently, an iron working solution was
prepared by mixing equal volumes of hydrochloric acid solution and
potassium ferrocyanide solution (HT20; SigmaAldrich). Later, all
the organ-coated glass slides were treated with a working solution
for 10 min followed by water wash and treated with a working
pararosaniline solution for 2 min. All the slices were then washed
with deionized water for 2 min and then rapidly dehydrated using
alcohol and xylene. Finally, images were acquired using a
microscope (Olympus BX51; Yuan Li Instrument Co., Taipei,
Taiwan).

4.12 H&E staining

After the scanning, the mouse was sacrificed and the tumor was
excised for further paraffin embedding, followed by H&E staining.

4.13 Statistical analysis

All data will be presented as the mean ± standard error and
compared between groups using the Student’s t-test or one-way
ANOVA using GraphPad Prism 5 Software (GraphPad Software,
Inc., San Diego, CA). A p-value of <0.05 will be considered
statistically significant. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The animal study was approved by the Chang Gung Memorial
Hospital Institutional Animal Care and Use Committee (approval
number: IACUC No. 2021031802). The study was conducted in

accordance with the local legislation and institutional
requirements.

Author contributions

ST: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Visualization, Writing–original draft,
Writing–review and editing. C-YT: Data curation, Formal Analysis,
Methodology, Writing–review and editing, Resources, Software,
Validation. W-CL: Data curation, Formal Analysis, Methodology,
Resources, Software, Validation, Investigation, Writing–review and
editing. C-HS: Data curation, Formal Analysis, Investigation,
Methodology, Resources, Software, Validation, Conceptualization,
Funding acquisition, Project administration, Supervision,
Visualization, Writing–original draft, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The authors
are grateful for financial support from the National Science and
Technology Council, Taiwan (NSTC 111-2321-B-A49-003, 111-2811-
B-182-033-, and 109-2314-B-182-082-MY3) and Chang Gung Medical
Foundation, Taiwan (CMRPG8M1021-3 and CMRPG8M0121-3).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The authors declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the
peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2023.1272492/
full#supplementary-material

References

Antonicelli, A., Cafarotti, S., Indini, A., Galli, A., Russo, A., Cesario, A., et al. (2013).
EGFR-targeted therapy for non-small cell lung cancer: focus on EGFR oncogenic
mutation. Int. J. Med. Sci. 10, 320–330. doi:10.7150/ijms.4609

Baudino, T. A. (2015). Targeted Cancer Therapy: the Next Generation of Cancer
Treatment. Curr. Drug Discov. Technol. 12, 3–20. doi:10.2174/
1570163812666150602144310

Frontiers in Bioengineering and Biotechnology frontiersin.org10

Thangudu et al. 10.3389/fbioe.2023.1272492

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1272492/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1272492/full#supplementary-material
https://doi.org/10.7150/ijms.4609
https://doi.org/10.2174/1570163812666150602144310
https://doi.org/10.2174/1570163812666150602144310
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1272492


Cersosimo, R. J. (2006). Gefitinib: an adverse effects profile. Expert Opin. Drug Saf. 5,
469–479. doi:10.1517/14740338.5.3.469

Chan, B. A., and Hughes, B. G. M. (2015). Targeted therapy for non-small cell lung
cancer: current standards and the promise of the future. Transl. lung cancer Res. 4,
36–54. doi:10.3978/j.issn.2218-6751.2014.05.01

Chen, Z.-J., Yang, S.-C., Liu, X.-L., Gao, Y., Dong, X., Lai, X., et al. (2020). Nanobowl-
Supported Liposomes Improve Drug Loading and Delivery. Nano Lett. 20, 4177–4187.
doi:10.1021/acs.nanolett.0c00495

Czernin, J., Allen-Auerbach, M., Nathanson, D., and Herrmann, K. (2013). PET/CT
in Oncology: current Status and Perspectives. Curr. Radiol. Rep. 1, 177–190. doi:10.
1007/s40134-013-0016-x

D’antonio, C., Passaro, A., Gori, B., Del Signore, E., Migliorino, M. R., Ricciardi, S.,
et al. (2014). Bone and brain metastasis in lung cancer: recent advances in therapeutic
strategies. Ther. Adv. Med. Oncol. 6, 101–114. doi:10.1177/1758834014521110

Dyer, O. (2003). FDA announces fast track approval of new drug for lung cancer. Bmj
326, 1004. doi:10.1136/bmj.326.7397.1004/d

Edis, Z., Wang, J., Waqas, M. K., Ijaz, M., and Ijaz, M. (2021). Nanocarriers-Mediated
Drug Delivery Systems for Anticancer Agents: an Overview and Perspectives. Int.
J. nanomedicine 16, 1313–1330. doi:10.2147/ijn.s289443

Feng, Y. H., Guo,W. X., Li, X., Liu, J., Nosrati-Siahmazgi, V., Toolabi, M., et al. (2023).
Strategies to prevent water soluble drug leakage from nanovesicles in blood circulation:
A coarse-grained molecular study. Chem. Eng. Sci. 276, 118715. doi:10.1016/j.ces.2023.
118715

Gagliardi, A., Giuliano, E., Venkateswararao, E., Fresta, M., Bulotta, S., Awasthi, V.,
et al. (2021). Biodegradable Polymeric Nanoparticles for Drug Delivery to Solid
Tumors. Front. Pharmacol. 12, 601626. doi:10.3389/fphar.2021.601626

Gao, X., Yue, Q., Liu, Y., Fan, D., Fan, K., Li, S., et al. (2018). Image-guided
chemotherapy with specifically tuned blood brain barrier permeability in glioma
margins. Theranostics 8, 3126–3137. doi:10.7150/thno.24784

Garizo, A. R., Castro, F., Martins, C., Almeida, A., Dias, T. P., Fernardes, F., et al.
(2021). p28-functionalized PLGA nanoparticles loaded with gefitinib reduce tumor
burden and metastases formation on lung cancer. J. Control Release 337, 329–342.
doi:10.1016/j.jconrel.2021.07.035

Godugu, C., Doddapaneni, R., Patel, A. R., Singh, R., Mercer, R., and Singh, M. (2016).
Novel Gefitinib Formulation with Improved Oral Bioavailability in Treatment of
A431 Skin Carcinoma. Pharm. Res. 33, 137–154. doi:10.1007/s11095-015-1771-6

Haris, M., Yadav, S. K., Rizwan, A., Singh, A., Wang, E., Hariharan, H., et al. (2015).
Molecular magnetic resonance imaging in cancer. J. Transl. Med. 13, 313. doi:10.1186/
s12967-015-0659-x

Kawada, K., Iwamoto, M., and Sakai, Y. (2016). Mechanisms underlying (18)F-
fluorodeoxyglucose accumulation in colorectal cancer. World J. radiology 8, 880–886.
doi:10.4329/wjr.v8.i11.880

Kazandjian, D., Blumenthal, G. M., Yuan, W., He, K., Keegan, P., and Pazdur, R.
(2016). FDA Approval of Gefitinib for the Treatment of Patients with Metastatic EGFR
Mutation-Positive Non-Small Cell Lung Cancer. Clin. Cancer Res. 22, 1307–1312.
doi:10.1158/1078-0432.ccr-15-2266

Kitazaki, T., Oka, M., Nakamura, Y., Tsurutani, J., Doi, S., Yasunaga, M., et al. (2005).
Gefitinib, an EGFR tyrosine kinase inhibitor, directly inhibits the function of
P-glycoprotein in multidrug resistant cancer cells. Lung Cancer 49, 337–343. doi:10.
1016/j.lungcan.2005.03.035

Ko, J., Winslow, M. M., and Sage, J. (2021). Mechanisms of small cell lung cancer
metastasis. EMBO Mol. Med. 13, e13122. doi:10.15252/emmm.202013122

Kuruppu, A. I., Zhang, L., Collins, H., Turyanska, L., Thomas, N. R., and Bradshaw, T.
D. (2015). An Apoferritin-based Drug Delivery System for the Tyrosine Kinase
Inhibitor Gefitinib. Adv. Healthc. Mater 4, 2816–2821. doi:10.1002/adhm.201500389

Lam, A. T., Yoon, J., Ganbold, E. O., Singh, D. K., Kim, D., Cho, K. H., et al. (2014).
Colloidal gold nanoparticle conjugates of gefitinib. Colloids Surf. B Biointerfaces 123,
61–67. doi:10.1016/j.colsurfb.2014.08.021

Li, S., De Camargo Correia, G. S., Wang, J., Manochakian, R., Zhao, Y., and Lou, Y.
(2023). Emerging Targeted Therapies in Advanced Non-Small-Cell Lung Cancer.
Cancers (Basel) 15, 2899. doi:10.3390/cancers15112899

Liang, P. C., Chen, Y. C., Chiang, C. F., Mo, L. R., Wei, S. Y., Hsieh, W. Y., et al. (2016).
Doxorubicin-modified magnetic nanoparticles as a drug delivery system for magnetic
resonance imaging-monitoring magnet-enhancing tumor chemotherapy. Int.
J. Nanomedicine 11, 2021–2037. doi:10.2147/ijn.s94139

Liu, J., Zhang, D., Lian, S., Zheng, J., Li, B., Li, T., et al. (2018). Redox-responsive
hyaluronic acid-functionalized graphene oxide nanosheets for targeted delivery of water-
insoluble cancer drugs. Int. J. nanomedicine 13, 7457–7472. doi:10.2147/ijn.s173889

Liu, Y., Yang, G., Jin, S., Xu, L., and Zhao, C.-X. (2020). Development of High-Drug-
Loading Nanoparticles. ChemPlusChem 85, 2143–2157. doi:10.1002/cplu.202000496

Madajewski, B., Chen, F., Yoo, B., Turker, M. Z., Ma, K., Zhang, L., et al. (2020).
Molecular Engineering of Ultrasmall Silica Nanoparticle-Drug Conjugates as Lung
Cancer Therapeutics. Clin. cancer Res. official J. Am. Assoc. Cancer Res. 26, 5424–5437.
doi:10.1158/1078-0432.ccr-20-0851

Mariño, G., and Kroemer, G. (2013). Mechanisms of apoptotic phosphatidylserine
exposure. Cell Res. 23, 1247–1248. doi:10.1038/cr.2013.115

Martins, P. M., Lima, A. C., Ribeiro, S., Lanceros-Mendez, S., and Martins, P. (2021).
Magnetic Nanoparticles for Biomedical Applications: from the Soul of the Earth to the
Deep History of Ourselves. ACS Appl. Bio Mater. 4, 5839–5870. doi:10.1021/acsabm.
1c00440

Miller, K. D., Nogueira, L., Devasia, T., Mariotto, A. B., Yabroff, K. R., Jemal, A., et al.
(2022). Cancer treatment and survivorship statistics, 2022. CA A Cancer J. Clin. 72,
409–436. doi:10.3322/caac.21731

Mitsudomi, T., Kosaka, T., and Yatabe, Y. (2006). Biological and clinical implications
of EGFR mutations in lung cancer. Int. J. Clin. Oncol. 11, 190–198. doi:10.1007/s10147-
006-0583-4

Montiel Schneider, M. G., Martín, M. J., Otarola, J., Vakarelska, E., Simeonov, V.,
Lassalle, V., et al. (2022). Biomedical Applications of Iron Oxide Nanoparticles: current
Insights Progress and Perspectives. Pharmaceutics 14, 204. doi:10.3390/
pharmaceutics14010204

Mustachio, L. M., and Roszik, J. (2020). Current Targeted Therapies for the Fight
against Non-Small Cell Lung Cancer. Pharm. (Basel, Switz. 13, 374. doi:10.3390/
ph13110374

Ojha, T., Rizzo, L., Storm, G., Kiessling, F., and Lammers, T. (2015). Image-guided
drug delivery: preclinical applications and clinical translation. Expert Opin. Drug Deliv.
12, 1203–1207. doi:10.1517/17425247.2015.1059420

Pakzad, R., Mohammadian-Hafshejani, A., Ghoncheh, M., Pakzad, I., and Salehiniya,
H. (2015). The incidence and mortality of lung cancer and their relationship to
development in Asia. Transl. Lung Cancer Res. 4, 763–774. doi:10.3978/j.issn.2218-
6751.2015.12.01

Phillip Lee, Y. H., Sathigari, S., Jean Lin, Y. J., Ravis, W. R., Chadha, G., Parsons, D. L.,
et al. (2009). Gefitinib–cyclodextrin inclusion complexes: physico-chemical
characterization and dissolution studies. Drug Dev. Industrial Pharm. 35,
1113–1120. doi:10.1080/03639040902783074

Rasey, J. S., Grierson, J. R., Wiens, L. W., Kolb, P. D., and Schwartz, J. L. (2002).
Validation of FLT uptake as a measure of thymidine kinase-1 activity in
A549 carcinoma cells. J. Nucl. Med. 43, 1210–1217.

Ren, Y., Dai, C., Zheng, H., Zhou, F., She, Y., Jiang, G., et al. (2016). Prognostic effect
of liver metastasis in lung cancer patients with distant metastasis. Oncotarget 7,
53245–53253. doi:10.18632/oncotarget.10644

Shanmugam, V., Chien, Y.-H., Cheng, Y.-S., Liu, T.-Y., Huang, C.-C., Su, C.-H., et al.
(2014). Oligonucleotides—Assembled Au Nanorod-Assisted Cancer Photothermal
Ablation and Combination Chemotherapy with Targeted Dual-Drug Delivery of
Doxorubicin and Cisplatin Prodrug. ACS Appl. Mater. Interfaces 6, 4382–4393.
doi:10.1021/am5000905

Shen, Z., Wu, A., and Chen, X. (2017). Iron Oxide Nanoparticle Based Contrast
Agents for Magnetic Resonance Imaging. Mol. Pharm. 14, 1352–1364. doi:10.1021/acs.
molpharmaceut.6b00839

Shi, Y., Su, C., Cui, W., Li, H., Liu, L., Feng, B., et al. (2014). Gefitinib loaded
folate decorated bovine serum albumin conjugated carboxymethyl-beta-
cyclodextrin nanoparticles enhance drug delivery and attenuate autophagy in
folate receptor-positive cancer cells. J. Nanobiotechnology 12, 43. doi:10.1186/
s12951-014-0043-7

Shi, Z., Zhou, Y., Fan, T., Lin, Y., Zhang, H., and Mei, L. (2020). Inorganic nano-
carriers based smart drug delivery systems for tumor therapy. Smart Mater. Med. 1,
32–47. doi:10.1016/j.smaim.2020.05.002

Solorio, L., Patel, R. B., Wu, H., Krupka, T., and Exner, A. A. (2010). Advances in
image-guided intratumoral drug delivery techniques. Ther. Deliv. 1, 307–322. doi:10.
4155/tde.10.20

Sordella, R., Bell, D. W., Haber, D. A., and Settleman, J. (2004). Gefitinib-sensitizing
EGFR mutations in lung cancer activate anti-apoptotic pathways. Science 305,
1163–1167. doi:10.1126/science.1101637

Su, C.-H., and Cheng, F.-Y. (2015). In vitro and in vivo applications of alginate/iron
oxide nanocomposites for theranostic molecular imaging in a brain tumor model. RSC
Adv. 5, 90061–90064. doi:10.1039/c5ra20723a

Su, C.-H., Tsai, C.-Y., Tomanek, B., Chen, W.-Y., and Cheng, F.-Y. (2016). Evaluation
of blood–brain barrier-stealth nanocomposites for in situ glioblastoma theranostics
applications. Nanoscale 8, 7866–7870. doi:10.1039/c6nr00280c

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA A Cancer J. Clin. 71,
209–249. doi:10.3322/caac.21660

Thangudu, S., Huang, E.-Y., and Su, C.-H. (2022a). Safe magnetic resonance imaging
on biocompatible nanoformulations. Biomaterials Sci. 10, 5032–5053. doi:10.1039/
d2bm00692h

Thangudu, S., Kaur, N., Korupalli, C., Sharma, V., Kalluru, P., and Vankayala, R.
(2021). Recent advances in near infrared light responsive multi-functional
nanostructures for phototheranostic applications. Biomaterials Sci. 9, 5472–5483.
doi:10.1039/d1bm00631b

Frontiers in Bioengineering and Biotechnology frontiersin.org11

Thangudu et al. 10.3389/fbioe.2023.1272492

https://doi.org/10.1517/14740338.5.3.469
https://doi.org/10.3978/j.issn.2218-6751.2014.05.01
https://doi.org/10.1021/acs.nanolett.0c00495
https://doi.org/10.1007/s40134-013-0016-x
https://doi.org/10.1007/s40134-013-0016-x
https://doi.org/10.1177/1758834014521110
https://doi.org/10.1136/bmj.326.7397.1004/d
https://doi.org/10.2147/ijn.s289443
https://doi.org/10.1016/j.ces.2023.118715
https://doi.org/10.1016/j.ces.2023.118715
https://doi.org/10.3389/fphar.2021.601626
https://doi.org/10.7150/thno.24784
https://doi.org/10.1016/j.jconrel.2021.07.035
https://doi.org/10.1007/s11095-015-1771-6
https://doi.org/10.1186/s12967-015-0659-x
https://doi.org/10.1186/s12967-015-0659-x
https://doi.org/10.4329/wjr.v8.i11.880
https://doi.org/10.1158/1078-0432.ccr-15-2266
https://doi.org/10.1016/j.lungcan.2005.03.035
https://doi.org/10.1016/j.lungcan.2005.03.035
https://doi.org/10.15252/emmm.202013122
https://doi.org/10.1002/adhm.201500389
https://doi.org/10.1016/j.colsurfb.2014.08.021
https://doi.org/10.3390/cancers15112899
https://doi.org/10.2147/ijn.s94139
https://doi.org/10.2147/ijn.s173889
https://doi.org/10.1002/cplu.202000496
https://doi.org/10.1158/1078-0432.ccr-20-0851
https://doi.org/10.1038/cr.2013.115
https://doi.org/10.1021/acsabm.1c00440
https://doi.org/10.1021/acsabm.1c00440
https://doi.org/10.3322/caac.21731
https://doi.org/10.1007/s10147-006-0583-4
https://doi.org/10.1007/s10147-006-0583-4
https://doi.org/10.3390/pharmaceutics14010204
https://doi.org/10.3390/pharmaceutics14010204
https://doi.org/10.3390/ph13110374
https://doi.org/10.3390/ph13110374
https://doi.org/10.1517/17425247.2015.1059420
https://doi.org/10.3978/j.issn.2218-6751.2015.12.01
https://doi.org/10.3978/j.issn.2218-6751.2015.12.01
https://doi.org/10.1080/03639040902783074
https://doi.org/10.18632/oncotarget.10644
https://doi.org/10.1021/am5000905
https://doi.org/10.1021/acs.molpharmaceut.6b00839
https://doi.org/10.1021/acs.molpharmaceut.6b00839
https://doi.org/10.1186/s12951-014-0043-7
https://doi.org/10.1186/s12951-014-0043-7
https://doi.org/10.1016/j.smaim.2020.05.002
https://doi.org/10.4155/tde.10.20
https://doi.org/10.4155/tde.10.20
https://doi.org/10.1126/science.1101637
https://doi.org/10.1039/c5ra20723a
https://doi.org/10.1039/c6nr00280c
https://doi.org/10.3322/caac.21660
https://doi.org/10.1039/d2bm00692h
https://doi.org/10.1039/d2bm00692h
https://doi.org/10.1039/d1bm00631b
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1272492


Thangudu, S., Lin,W.-C., Lee, C.-L., Liao, M.-C., Yu, C.-C., Wang, Y.-M., et al. (2023).
Ligand free FeSn2 alloy nanoparticles for safe T2-weighted MR imaging of in vivo lung
tumors. Biomaterials Sci. 11, 2177–2185. doi:10.1039/d2bm01517j

Thangudu, S., Yu, C.-C., Lee, C.-L., Liao, M.-C., and Su, C.-H. (2022b). Magnetic,
biocompatible FeCO3 nanoparticles for T2-weighted magnetic resonance imaging
of in vivo lung tumors. J. Nanobiotechnology 20, 157. doi:10.1186/s12951-022-
01355-3

Tracy, S., Mukohara, T., Hansen, M., Meyerson, M., Johnson, B. E., and Jänne, P.
A. (2004). Gefitinib Induces Apoptosis in the EGFRL858R Non–Small-Cell Lung
Cancer Cell Line H3255. Cancer Res. 64, 7241–7244. doi:10.1158/0008-5472.can-
04-1905

Trummer, B. J., Iyer, V., Balu-Iyer, S. V., O’connor, R., and Straubinger, R. M. (2012).
Physicochemical properties of epidermal growth factor receptor inhibitors and
development of a nanoliposomal formulation of gefitinib. J. Pharm. Sci. 101,
2763–2776. doi:10.1002/jps.23180

Tsai, M. F., Lo, Y. L., Huang, Y. C., Yu, C. C., Wu, Y. T., Su, C. H., et al. (2020). <p&gt;
Multi-Stimuli-Responsive DOX Released from Magnetosome for Tumor Synergistic
Theranostics&lt;/p&gt;. Int. J. Nanomedicine 15, 8623–8639. doi:10.2147/ijn.s275655

Ullrich, R. T., Zander, T., Neumaier, B., Koker, M., Shimamura, T., Waerzeggers, Y.,
et al. (2008). Early Detection of Erlotinib Treatment Response in NSCLC by 3′-Deoxy-
3′-[18F]-Fluoro-L-Thymidine ([18F]FLT) Positron Emission Tomography (PET). PloS
one 3, e3908. doi:10.1371/journal.pone.0003908

Vermes, I., Haanen, C., Steffens-Nakken, H., and Reutelingsperger, C. (1995). A novel
assay for apoptosis. Flow cytometric detection of phosphatidylserine expression on early
apoptotic cells using fluorescein labelled Annexin V. J. Immunol. Methods 184, 39–51.
doi:10.1016/0022-1759(95)00072-i

Wen, Q., Zhang, Y., Muluh, T. A., Xiong, K., Wang, B., Lu, Y., et al. (2021).
Erythrocyte membrane-camouflaged gefitinib/albumin nanoparticles for tumor
imaging and targeted therapy against lung cancer. Int. J. Biol. Macromol. 193,
228–237. doi:10.1016/j.ijbiomac.2021.10.113

Yuan, M., Huang, L.-L., Chen, J.-H., Wu, J., and Xu, Q. (2019). The emerging
treatment landscape of targeted therapy in non-small-cell lung cancer. Signal Transduct.
Target. Ther. 4, 61. doi:10.1038/s41392-019-0099-9

Zhong, L., Li, Y., Xiong, L., Wang,W., Wu, M., Yuan, T., et al. (2021). Small molecules
in targeted cancer therapy: advances, challenges, and future perspectives. Signal
Transduct. Target. Ther. 6, 201. doi:10.1038/s41392-021-00572-w

Frontiers in Bioengineering and Biotechnology frontiersin.org12

Thangudu et al. 10.3389/fbioe.2023.1272492

https://doi.org/10.1039/d2bm01517j
https://doi.org/10.1186/s12951-022-01355-3
https://doi.org/10.1186/s12951-022-01355-3
https://doi.org/10.1158/0008-5472.can-04-1905
https://doi.org/10.1158/0008-5472.can-04-1905
https://doi.org/10.1002/jps.23180
https://doi.org/10.2147/ijn.s275655
https://doi.org/10.1371/journal.pone.0003908
https://doi.org/10.1016/0022-1759(95)00072-i
https://doi.org/10.1016/j.ijbiomac.2021.10.113
https://doi.org/10.1038/s41392-019-0099-9
https://doi.org/10.1038/s41392-021-00572-w
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1272492

	Modified gefitinib conjugated Fe3O4 NPs for improved delivery of chemo drugs following an image-guided mechanistic study of ...
	1 Introduction
	2 Results and discussion
	2.1 Preparation and characterization of GEF-modified Fe3O4 NPs (mGEF@Fe3O4 NPs)
	2.2 In vitro targeting and chemotherapeutic efficiency of mGEF@Fe3O4 NPs
	2.3 In vitro and in vivo imaging of mGEF@Fe3O4 NPs
	2.4 In vivo biodistribution of Fe3O4 NPs

	3 Conclusion
	4 Experimental section
	4.1 Synthesis of -NH2—Fe3O4 NPs
	4.2 Modified GEF conjugated Fe3O4 NPs (mGEF@Fe3O4 NPs)
	4.3 In vitro toxicity evaluation
	4.4 Cell viability studies
	4.5 In vitro Perl’s blue staining
	4.6 Annex V and PI staining
	4.7 In vitro MR imaging
	4.8 In vivo animal model
	4.9 In vivo MR imaging
	4.10 PET/CT imaging
	4.11 Perl’s blue staining
	4.12 H&E staining
	4.13 Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


